DURING evoked-potential studies of the projection of the three divisions. of the trigeminal nerve on the corresponding spinal tract and nucleus (to be reported elsewhere), the writer was disconcerted by certain observations, which appeared to be at variance with the classical conception of the organization of the trigeminal system.
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DURING evoked-potential studies of the projection of the three divisions. of the trigeminal nerve on the corresponding spinal tract and nucleus (to be reported elsewhere), the writer was disconcerted by certain observations, which appeared to be at variance with the classical conception of the organization of the trigeminal system.
The early observation of Harrison and Corbin (1942) and of McKinley and Magoun (1942) , that evoked responses of the third division of the trigeminal were usually not recorded much below the obex, was confirmed. In addition, it was found that the first and second divisions could be traced by these electrophysiologic techniques as far as the midpoint of the second cervical segment and that the evoked response from second-division' stimulation was almost invariably of greater amplitude and often obtained at a slightly more caudal level than that from activation of the first division.
Since it is usually stated that the third (mandibular) division terminatesfirst, followed by the second (maxillary) division, and that the first (ophthalmic) division reaches the most caudal level in the spinal tract, it appeared difficult to reconcile the experimental results with the accepted notions.
Most anatomical work on divisional representation in the spinal tract of V has been carried out with the use of the Marchi or the Weigert technique; these provide excellent demonstrations of myelinated fibres of large and medium size, but are less satisfactory when applied to finer myelinated fibres and are of no value in tracing unmyelinated fibres. Sjoqvist (1938) indicated that the mean diameter of trigeminal fibres at caudal levels decreases markedly; Darian-Smith and Mayday (1960) suggested that this lr This research was supported in part by Grant B-3296 from the National Institutes, of Health-U.S. Public Health Service.
was due to small fibres in the posterior root being predominantly represented at this level. Wall and Taub (1962) , however, on the basis of colliding volleys, have concluded that the small fibres in the caudal prolongation of the tract are in fact tapered continuations of large descending fibres.
A reappraisal of this problem from the structural standpoint, therefore, appeared to be timely, particularly with the use of the Nauta technique. With this method, degenerating axons may be demonstrated, and the size and relative degree of myelination of the fibres are no obstacle to the •elucidation of the complete picture.
An additional feature of significance concerns the method by which •degeneration of each division is produced. The method which would, at first consideration, appear least open to criticism is stereotaxic destruction of each divisional component of the ganglion. However, as will be noted subsequently, certain difficulties are encountered with this method. Current concepts are based mainly on the work of Winkler (1921) , who introduced a sharp scalpel blindly in a predetermined direction and cut successively more medially through the ganglion in a series of experiments; ithis method, however, cannot give more than a general picture of the projections since it is not possible to restrict the section to each division.
MATERIAL AND METHODS
Eighteen adult cats and three monkeys {Macacus rhesus) were used. Two methods were employed to obtain partial destructive lesions of the semilunar ganglion. In five •cats a stereotaxically oriented steel needle, insulated except for 1 mm. at the tip, was introduced by means of the Horsley Clarke instrument, with the use of coordinates previously obtained by measurements on the skull. Once the needle was adequately positioned, a current of 1 -5 milliamperes was passed through it for 20 seconds. This method produced lesions within the medial and middle portions of the ganglion, but the lateral part could not be adequately electrocoagulated because of the existence in the cat of a thin bony shelf which covers most of the lateral posterior projection of the •ganglion corresponding to the third division. Furthermore, it was usually impossible to obtain adequate destruction of the portion of the ganglion corresponding to a single division, the lesion either overlapping adjacent divisions or sparing a considerable part of the division whose degeneration was desired. The degeneration obtained by this method, while following the same pattern as that observed in the group of experiments to be described next, was thus less satisfactory for the exact determination of the data -sought.
In the second group of experiments, direct surgical excision of individual parts of the ganglion was performed, since this method offered the only relatively precise way of removing separately those portions of the ganglion from which each individual division arose. A left temporal craniotomy was done, and a restricted temporal lobe •excision was performed to allow exposure of the floor of the middle cranial fossa. With gentle retraction of the base of the brain, the semilunar ganglion was readily -exposed and each division identified. With careful dissection, the division to be resected was isolated, and a blunt hook that had been passed around it was used for mild traction while the division was dissected back into the ganglion. Every effort was •made to avoid injury to the adjacent portions of the ganglion. Since there is no separation between the various parts of the ganglion, the guide to the extent of removal was the division itself, and its fibres were followed as closely as possible. Once the nerve trunk and ganglion had been dissected to include thecorrespondingpartof the ganglion, a sharp transection was performed at the junction of the ganglion and the root. In one instance, that portion of the ganglion associated with the second division was electrocoagulated under direct vision. When the third division was resected in the cat, preliminary removal of the overlying bony ledge was necessary for adequate exposure of the lateral projection of the ganglion. Even with direct exposure of the ganglion, it was difficult to obtain a perfect result, and the procedure was done repeatedly until two acceptable results had been obtained.
In the cat, the first division was partially destroyed by the stereotaxic method in two experiments, the second division in two, and the medial part of the third division in one. Direct exposure and surgical excision of the first division was performed in four experiments, of the second division in four (in a fifth it was electrocoagulated under direct vision), and of the third division in four others. In the monkey, the ganglionic portion of the first division was electrocoagulated in one and that of the third division was excised in two.
The post-operative course was uncomplicated in all but one animal, in which a stereotaxic lesion had been made and infection and cerebral oedema occurred. Between five and seven days after the operation, the animals were anaesthetized and perfused with normal saline followed by 10 per cent aqueous formalin. The brain-stems were cut into blocks, sectioned, and stained by the Nauta-Gygax method. The ganglia were removed and embedded in gelatin by the Albrecht method; serial frozen sections were made and stained by the haematoxylin and eosin, Nauta, and toluidine-blue methods. A Bausch and Lomb V. H. Microprojector was used to make the illustrations.
RESULTS

Ganglia
Histological examination throughout the entire operated ganglion from each experiment was carried out to determine the adequacy of the lesion. Only those ganglia which showed clear evidence of complete excision of a division and its corresponding ganglion cells without residual bridges of axons to the sensory root and without significant overlap to adjacent divisions were considered to be satisfactory. In the procedures carried out under direct vision there was no evidence of vascular damage in the unexcised portions of the ganglion; two of the stereotaxically produced lesions resulted in considerable oedema of the ganglion but no evidence of infarction was found in any of the experiments in this study.
Of the 13 operations performed on the cats by direct exposure, 6 resulted in satisfactory removal of a division with the corresponding portion of the ganglion; the other 7 experiments gave less reliable results but supplied confirmatory data on some points. The 5 stereotaxic destructions were inadequate for the purposes of the study and provided only accessory data. In the monkey, the one ophthalmic and one of the two mandibular lesions were considered satisfactory.
In fig. 1 , upper row, are shown the extent of excision of a first, a second, and a third division in the cat, as outlined by means of the microprojector. It can be seen that the excised portion of the ganglion is in each case very nearly exactly that which would be desired. The figures illustrating the degeneration subsequent to excision of each of the three divisions are from these experiments, and, as previously stated, a duplicate experiment for each was obtained.
Root.-Sections of the root were studied at the point where it enters the brain-stem. In fig. 1 , lower row, the position of fibres from each division is indicated; it should be noted that not only have the ophthalmic fibres become ventrally placed, while the mandibular ones lie dorsally, but the fibres of each division are strictly localized to their own segment in the root without any significant intermingling beyond what can be attributed to imperfections in the excision.
Brain-stem and spinal medulla.-Before any description of degeneration of the individual components of the trigeminal nerve can be made, it is essential to note the existence of cortical projections to sensory nuclei in the medulla as described by Brodal, Szabo and Torvik (1956) . The trigeminal nuclei are said to receive a considerable contribution from these descending cortical systems; however, such connections are predominantly crossed, so that if the resection of cortex necessary to expose the ganglion should lead to degeneration of these fibres, it would be mainly in the contralateral trigeminal nuclei, with only minor degeneration in the homolateral nuclei. Furthermore, the cortical areas from which Brodal and associates found projections to the bulbar sensory nuclei did not include the areas which were resected in the present experiments. These factors indicate that the degeneration described in this report can be ascribed to the lesions produced in the semilunar ganglion. In addition, control experiments in which similar excisions of the temporal lobe were performed showed no degeneration in the trigeminal nuclei.
Main sensory nucleus.-At this level the fibres of each division are seen to leave the root and on entering the nucleus they present the same relationships which they subsequently show in the spinal nucleus ( fig. 2) . Thus, the ophthalmic fibres enter the most ventral fourth of the nucleus, the maxillary afferents occupy the middle half, and the mandibular fibres enter and end in the dorsal fourth.
Spinal tract and nucleus in the medulla oblongata.-The lamination of fibres remains constant throughout the tract, with the ophthalmic division placed ventrally, the maxillary division next, and the mandibular division in the dorsal fourth of the tract. Each division as it descends in the tract sends fibres at all craniocaudal levels into that part of the spinal nucleus immediately adjacent to it, and a clear-cut segregation of fibres from each division exists throughout, with little evidence of overlap. Such instances of overlap as do occur are attributed to the minor degree of overlap between the lesions placed in the ganglion. Figs. 2 and 3 illustrate these features at various levels of the medulla oblongata.
The contingent of fibres which arises from the spinal tract and enters the solitary nucleus (Kerr, 1961) , 1 is shown in fig. 3 ; it is seen to stem from the mandibular division.
Termination of the tract.-In a previous study (Kerr, 1961 ) the spinal trigeminal tract in the cat was found (as it had been by others) to reach the midportion of the second cervical segment (C-2), below which it became vestigial; some scattered fibres could be followed as far as the upper third of the third cervical segment (C-3). This is also the case for the monkey {Macacus rhesus); from the practical functional and anatomical standpoint, the midpoint of the C-2 segment appears to be the lowest level at which this tract is of significance.
Serial sections of the medullocervical region down to and including the C-2 segment revealed a different manner of termination of the three divisions from that commonly accepted. Fig. 4 shows the three components in the upper part of the first cervical segment (C-l), its lower part, and the upper part of C-2. It is clear that fibres of all three origins are present in considerable numbers in the upper half of C-l, although those from the second and third divisions are more numerous. The same lamination of fibres is present at this level. Only slight overlapping of the three divisions occurs. 
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Fio. 2.-The first diagram in each row in this and the succeeding figures shows the spinal tract in black and the nucleus crosshatched for purposes of orientation. In the upper row the termination of afferent fibres in the main sensory nucleus is shown; medially the intra-axial portion of the motor root of the trigeminal and its nucleus are seen. In the lower row the second part of the facial root is seen passing medial to the spinal nucleus of the trigeminal, the superior olive being ventromedial to both.
In the lower half of the C-l segment, the diminution of fibres from all three divisions is obvious, and it is quite striking to note that at this level the first division is represented by only a few fibres in the ventrolateral part of the descending tract and dorsal horn, whereas the other two divisions are still fairly well represented.
In the upper half of the C-2 segment, the ophthalmic component consists of a very few fibres which lie along the lateral aspect of the dorsal horn, an occasional one being traceable into the most lateroventral aspect of the horn. This caudal extent of the first division was confirmed in longitudinal sections of the spinal medulla at this level in another experiment. Maxillary and mandibular fibres are similarly very scarce here, their lowest termination being also primarily in the upper half of this segment. At this level, the third division fibres continue in the dorsomedial position while the second division fibres in the tract lie more laterally than previously, their termination being, however, still in the central area of the dorsal horn. Fio. 3.-Note the trigeminal contingent to the solitary nucleus which is visible at the midmedullary level and passes to it from mandibular division (upper row, right).
DISCUSSION
In the following paragraphs, the commonly accepted views and other pertinent opinions on this subject will be biiefly reviewed. It should be noted that, although this investigation was undertaken in the cat and monkey, the organization in man is in all probability similar or identical.
Organization in the root. -Frazier and Whitehead (1925) noted the rotation of the semilunar ganglion in the human from its vertical position in the embryo to a nearly horizontal position in the adult. Subsequently, Davis and Haven (1933) indicated that the medially placed ophthalmic fibres rotated ventrally in the root to occupy a ventral and slightly medial position, while the mandibular component reached a dorsal position and the maxillary division was intermediate in the vicinity of the brain-stem. Dandy (1929) , on the basis of surgical results, believed that pain fibres from all three divisions formed a separate group and were located in the posterior 1 part of the root as he approached it via the posterior fossa. He aflBrmed that a partial section limited to this area of the root led to loss of pain in all divisions of the trigeminal nerve. Other neurosurgeons have been unable to confirm this observation. In the present study the sensory root at the pons shows a sharp lamination of fibres from each division both in the cat and the monkey; this is in accord with the findings of Davis and Haven (1933) {see fig. 1 , this article). Dandy's interpretation cannot be accounted for on an anatomical basis since, were his concept of a common bundle of pain fibres to be the case, in all instances of excisions of the various divisions as performed in this study a common area of degeneration should have been found in the root corresponding to such a common grouping of pain fibres. Since the small myelinated fibres and the unmyelinated fibres, whose functional relationship to pain is generally accepted, are stained by the method used, and since no evidence of such a bundle was found, it would appear that this theory is untenable. It seems possible that in Dandy's partial sections he interrupted enough fibres from each division to modify the pain mechanism without markedly impairing touch and other modalities, much in the way that a compression procedure appears to work (Baker and Kerr, 1963) .
Main sensory nucleus.-The arrangement of fibres within this nucleus is no different from the distribution of corresponding fibres at lower levels: as seen in fig. 2 , the ophthalmic fibres terminate ventrally, while the maxillary and mandibular components end in successively more dorsal portions of the nucleus. In this regard, it is of interest to note that Carpenter (1957) has shown that the dorsal trigemino-thalamic tract originates from the most dorsally placed cells of the main sensory nucleus. This suggests that this tract mediates afferent impulses from the mandibular division predominantly.
Spinal tract and nucleus of V.-The earliest investigations on this system indicated that a divisional lamination existed. Bregman (1892) indicated that the ophthalmic component was situated most ventrally in the tract. This opinion has been shared by all subsequent experimental workers. Surgical observations by Grant, Groff and Lewy (1940 ), Schaeffer (1941 ), Olivecrona (1942 ), Le Beau, Daum and Forjaz (1948 ), Falconer (1949 , Guidetti (1950) , and the earlier report of Sjoqvist (1938) confirmed this classical conception. Szentagothai and Kiss (1949) made stereotaxic lesions in the semilunar ganglion in the cat and showed that lesions involving the medially located ganglion cells of the trigeminal nerve led to degeneration in the ventral and medial parts of the tract and of pericellular collaterals in the caudal and ventral levels of the nucleus. With lesions involving the lateral parts of the gasserian ganglion (second and third divisions of V), the degeneration occurred in the dorsal parts of the tract, and the pericellular degeneration occurred in the dorsal parts of the spinal nucleus.
In further support of the classical conception of lamination are the neurophysiologic observations of Harrison and Corbin (1942) and of McKinley and Magoun (1942) , who, using evoked potential techniques, came to similar conclusions.
The present material confirms the generally accepted opinions on dorsoventral lamination. To this may be added two observations of some interest. The contribution of the trigeminal spinal tract to the solitary nucleus can be seen to arise from fibres of the third division. It was indicated in a previous report (Kerr, 1961) that this connection of the trigeminal nerve with the main visceral sensory nucleus indicated that the trigeminal nerve was not purely somatic, but a mixed visceral and somatic afferent nerve. Whether these fibres are related to taste or to integration of somatic and visceral activities has been discussed elsewhere, but the fact that they arise only from the third division suggests that they may participate in taste functions. On the other hand, the careful studies of Schwartz and Weddell (1938) do not support trigeminal participation in gustatory functions in man. The other observation is that relating to the pronounced segregation of fibres from each division with little or no overlap. Since the ganglionic lesions cannot be made anatomically perfect, it was anticipated that only a general tendency to layering would be found in the tract and nucleus. As the accompanying figures indicate, however, the separation between fibres of different origins is marked.
Termination of the three divisions.-The greatest degree of controversy has centred around the relative extent of each division in the spinal tract. The following are some of the opinions which have been proposed:
(1) Von SOlder (1899), Schlesinger (1899), and Van Valkenburg (1911) stated that the maxillary and mandibular divisions reach the most caudal level.
(2) Wallenberg (1895), Kutner and Kramer (1907) , Winkler (1921) , Stopford (1925), and Smyth (1939) affirmed that the third division ended at a more rostral level than the first or the second.
(3) Van Gehuchten (1901) stated that all three divisions end at the same level.
Harrison and Corbin (1942) and McKinley and Magoun (1942) indicated that the evoked response from the mandibular division could not be recorded much below the obex, while the ophthalmic division could be followed the farthest caudally. With the use of similar techniques in this laboratory, it has similarly not been possible to record the mandibular evoked response more than 2 to 3 mm. below the obex. On the other hand maxillary and ophthalmic responses have been recorded consistently as far as the midpoint of the C-2 segment, the maxillary evoked response being usually of larger amplitude and more readily recorded at the most caudal level.
The anatomical evidence obtained in the present experiments appears to establish conclusively that all three divisions end at the same caudal level-that is, in the upper half of the C-2 segment. The number of ophthalmic-division fibres at this level is, however, much less than that of either the maxillary or the mandibular division, the fibres of each of which are present in approximately equal number; this difference is possibly due to the relatively small size of the ophthalmic division as compared to the second and third divisions at the ganglion.
It is difficult to account for the inability to record an evoked mandibulardivision response at the caudal level of the tract in view of these anatomical findings; on the other hand, the relative preponderance of second-division fibres to first-division fibres in the lower part of C-l and upper portion of C-2 segments accounts satisfactorily for the other features of evokedresponse studies referred to above. Kruger, Siminoff and Witkovsky (1961) , employing single-unit techniques, have recently noted that intemeurons responding to all three divisions are present to at least 8 mm. caudal to the obex. In the light of the anatomical findings reported herein and of these physiological studies, the reason for the absence of an evoked response from mandibular division stimulation at this level remains obscure.
CONCLUSIONS
The organization within the sensory root and in the brain-stem of the three divisions of the trigeminal nerve in the cat and monkey has been studied by excising the corresponding portions of the ganglion and tracing the ensuing degeneration by means oftheNauta-Gygax method.
(1) In the sensory root at the pons a clear separation of each component is present, with the mandibular division placed dorsally, the maxillary next, and the ophthalmic ventrally.
(2) In the main sensory nucleus the dorsoventral lamination of fibres is maintained in the same order.
(3) In the spinal tract the same lamination persists to the most caudal level, with little or no intermingling or overlap among the three components.
(4) The mandibular division gives rise to the bundle to the solitary tract.
(5) The three divisions have been traced in the spinal tract of the trigeminal nerve to its most caudal point in both the cat and the monkey; it would appear that the classical concept of successive levels of termination for each division should be discarded.
